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Abstract - The reliability of doped-barrier 
AlGaAs/GaAs multi-quantum well avalanche photo- 
diodes fabricated by MBE is Investigated via 
accelerated life tests. Dark current and breakdown vol- 
tage were the parameters monitored. The activation 
energy of the degradation mechanism and median dev- 
ice lifetime were determined. Device failure probability 
as a function of time was computed using the lognor- 
mal model. Analysis using the electron-beam induced 
current (EBIC) method revealed die degradation to be 
caused by ionic impurities or contamination in the pas- 
sivation layer. 

1.0 Introduction 

Multiple quantum well avalanche photodiodes 
• (APDs) are of interest as an ultra-low noise image cap- 
ture mechanism for high definition systems [1]. In this 
application, the image capture stage must have 
sufficient optical gain to enable very sensitive light 
detection, but at the same time, die gain derived during 
detection must not contribute additional noise. Properly 
designed APDs can meet these specifications, but die 
long-term performance of these devices under condi- 
tions approximating actual operation is of critical 
importance in determining system reliability. 

In this paper, accelerated life testing of 
AlGaAsA3aAs multiple quantum well (MQW) APDs 
has been conducted with die objective of estimating 
long-term device reliability. Since an increase in dark 
current results in a reduction of the APD signal-to-noise 
ratio [2] and breakdown voltage determines die opera- 
tional voltage range of die device, these two Actors 
represent the most sensitive indicators of die charac- 
teristic degradation in these devices. Thus, dark ament 
and breakdown voltage were die parameters monitored 
In this study. The degradation fai these parameters was 
Investigated via high temperature Stonge tests and 
accelerated life tests, and the results of there tests were 
used to estimate devioe lifetime by assuming an 
Arrhenius-type temperature dependence [3]. Using the 
median device lifetime and its standard deviation as 
parameters, die failure probability of each device as a 
function of time was computed [4]. 

Following device stressing, analysis was conducted 
to determine die failure mechanism. It has been previ- 
ously reported that the APD failure modes are primarily 
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surface failures, such as electrode future due to die 
inlcrfacia] reaction between metal and semiconductor or 
oxide contamination in die semiconductor surface [5-6]. 
High temperature operation will accelerate surface 
failures by increasing die mobility of the contaminants. 
Potential failure mechanisms were evaluated using scan- 
ning electron microscopy (SEM) and the electron -beam 
induced current (EBIC) method [7]. Based on this 
analysis, a failure mechanism of ionic impurities or 
contamination in die passivation layer at die junction 
perimeter is proposed. 

2.0 Accelerated Life Testing 

2.1 Device Structure and Fabrication 

The device structure of die photodiodes investi- 
gated is shown in Figure 1. The devices were grown 
by molecular beam epitaxy (MBE) at the Georgia Tech 
Research Institute. The basic structure was that of a p- 
i-n diode where die intrinsic region was composed of 
the MQW superlattice structure. The p and n contact 
layers are 1.0 pm and 1.5 pm thick, respectively, and 
doped at a level of 10 1 * cm -J [8]. The 1-3 pm thick 
GaAs/AlGaAs superlattice region consists of 25 periods 
of 200 A GaAs quantum wells separated by 800 A 
AIGaAs barrier layers. One complete period consists of 
a 300 A high-field AIGaAs region doped at 
3x10’* cm -3 , the 200 A undoped GaAs layer, and a 
500 A undoped AIGaAs layer. 



Figure J • Cross section of AlGaAsfCaAs MQW APD . 






The devices were fabricated on 2x10“* on 5 mesa 
structures with an active diameter in the range of 75* 
1^0 tun using standard photolithography techniques [9]. 
Since both p and n layers can be illuminated by remov- 
ing die substrates, die device configuration allows for 
♦lection or hole injection 110]. A SiN, passivation 
coating suppresses surface leakage current and provides 
die devices with very low dark currents. 

2.2 Test Conditions 

High temperature storage tests and accelerated life 
tests were performed on four different devices with a 
c o nstant reverse current of 10 pA for 200 hours at three 
different ambient temperature levels: 100, 150 and 

200°C. These conditions are summarized in Table 1. 
The accelerated life tests measured die failure rate 
under stressful conditions (i.e. * a reverse bias voltage 
of approximately 7-9 V), the failure activation energy 
for the devices, and the average device lifetime. It was 
assumed that the temperature dependence of the failure 
rate (R) obeys die following Arrhenius law: 


Mgh Temperature Storage Test Rasul of APD eempte 



Figure 2 - Room-temperature 1-V curve of an APD 
sample after 0. 50. 100. end 200 hours of unbiased 
baking at 200° C. 


R = Ro* exp(-E t /kT) (1) 

where Ro is a temperature-independent pre-exponential 
failure acceleration factor, E, is the activation energy, T 
is the absolute temperature, and k is Boltzmann’s con- 
stant. During these tests, dark current and bretfdown 
voltage were measured at room temperature (25°C). 
The breakdown voltage was defined from the device I- 
V curve using the tangential line method. Typical 
breakdown voltages for these devices were in the range 
of 7.5-9 V. The APDs were classified as failing when 
the dark currents at room temperature and 90% of the 
breakdown voltage exceeded 1 pA. 


Table 1: Life Test Conditions 


Temperature 

Current^ 

# Samples 

Time 

loo'ij 

lo'uTk 

4 

200 hrs 

150°C 

10 pA 

4 

200 hrs 

200°C 

10 pA 

4 

200 hrs 


3.0 Life Test Results 

Several observations were made as a result of Jjjie 
life tests. First, dark current increases due 
to thermal overstress under bias were generally found to 
be exponentially dependent on d* time, of exposure to 
die reverse-bias electric field. Thu fact u riioam Figu 
•S, fa which die dark current at a given revwse-tna s vol- 
tage increases significantly as a function of agtng time. 
Breakdown voltage, on the other hand, was mown to be 
nearly linearly dependent on stressing time (Figure 4). 

Figure 5 shows die percent of cumulative figures 
for the AlGaAs/GaAs APDs versus die lognormal pro- 
jection of the device time-to-failure after accelerated hfe 
testing. In this representation, although the sample 
is the data does indeed appear linear, which indi- 
cates that the failure mode is the wearout type, and 



figure 3 - Room-temperature I-V curve of an APD 
tample after 0. SO. 100. and 200 hours of aging under 
bias at 200° C. 

failures obey die lognormal distribution relatively well 
■51. Median lifetimes at 100, 150. and 200°C are 
estimated to be 1400, 210, and 70 hours, respectively, 
with a standard deviation of 1.81. A few test points 
exhibit slight deviation from linear behavior, but tius 
may be attributed to die small sample size, as well as to 
infant mortality, since die deviations typically occur at 
the 25% level 

Tire Arrhenius plot of median lifetimes as s func- 
tion of reciprocal aging temperature is shown in Figure 
6. From this plot, the thermal activation energy of the 
device aging process is computed to be 0.46 e v pj. 
Using this activation energy level, die median APD life- 
time for all 16 samples under practical use conditions 
can be estimated to be 4.8x10* hours (approximately 
5.5 years) at room temperature, with a standard devia- 
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Figure 4 - Breakdown voltage variations after 
accelerated life testing at 200 °C. 


Cumulative Failure [%] 



Figure 5 - Lognormal projection of time-to-failure 
versus percent of cumulative failures for the 
AlGaAs/GaAs APDs after life testing at 100, ISO. and 
200° C. 


lion of 113 hours. 

* 

Due to die lognormal degradation behavior of the 
APDs, die failure probability of each device as a func- 
tion of time, P(t), may be computed from the lognormal 
failure model by using the avenge device lifetime (p) 
and its standard deviation (o) as [4]: 


P(0* 



-j-exp 


2c 2 


( 2 ) 


Along with Figure 5, this expression provides a quanti- 
tative method of evaluating tile likelihood of failure for 


Itatflsn Ufa (kouri) 



ftaciprocal Aging Tawperaturt (SOOO/K) 

Figure 6 - Arrhenius plot of median device lifetimes as 
a function of reciprocal aging temperature. 

a given device as a function of its age. 

4.0 Failure Analysis and Discussion 

Failure analysis on the thermally stressed devices 
was carried out using scanning electron microscopy 
(SEM) and the electron-beam induced current (EB1C) 
method {7]. Prior to this analysis, two possible causes 
for dark current increases were hypothesized: 1) the 
presence of contaminants in passivating nitrides at the 
junction; or 2) die degradation of the surface (hie to 
thermal and electrical overstress on die interface caus- 
ing an increase of die surface co m ponent of dart 
current [11]. Figure 7 shows an SEM image of a dev- 
ice prior to life testing. 



Figure 7 - SEM image of GaAs MQW APD btfbre 
accelerated life testing. 

From SEM and EBIC analysis of the degraded 
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samples, it was determined that die daric current 
increase was most likely due to the presence of ionic 
impurities or contamination in die silicon nitride pas- 
sivation layer at die junction perimeter that generates a 
leakage pad) shorting die junction under die effect of 
electric field. Urn leakage is associated with low- 
resistance paths for carriers that consequently provide a 
mechanism for an increase in dark current. This 
hypothesis is supported by die fact that unbiased baking 
of die APD samples resulted in significantly less degra- 
dation, which is demonstrated by a comparison of Fig- 
ures 2 and 3. 

An example of surface contamination which causes 
s local leakage path shorting die pn junction appears in 
Figure 8. A common contaminant for silicon nitride 
passivating films is ionic sodium [12]. Efforts are 
presently underway to experimentally identify of die 
contaminant in this case. It has been suggested dial 
these type of defects occur at metal -rich precipitates, 
some of which occur at crystal dislocations. The cause 
of the gradual reduction in breakdown voltage, on die 
other hand, is not known explicidy, but presumably 
involves die field-assisted and temperature-assisted drift 
of some impurity species or defects to localised sites in 
the pn junction. 

5.0 Conclusion 

Accelerated life tests of doped -barrier 

AlGaAs/GaAs MQW APDs were performed from die 
viewpoint of evaluating long-term reliability. From the 
life test results, die activation energy of the degradation 
mechanism was determined to be approximately 0.46 
eV and the median lifetime of these devices was 
estimated to be 4.8x1 0 4 hours at room temperature. In 
addition, die failure probability of the devices was com- 
puted from the lognormal failure model by using die 
average lifetime and the standard deviation of dial life- 
time as parameters. Subsequent failure analysis using 
the SEM and EB1C methods clarified that the degrada- 
tion due to daric current increase was brought about by 
the presence of ionic impurities or contamination in the 
passivation layer at the junction perimeter that generate 
a leakage path and shorts the junction under die effect 
of electric field. 

In die near future, these life test results will be 
compared to other APD structures, including undoped 
and doped-well devices. These structures are all being 
considered as candidates for the high-definition system 
image capture application. The purpose of this 
comparison will be to determine the advantages and 
disadvantages of each device structure in terms of relia- 
bility. 
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Figure 8 - (a) SEM and (b) EBIC images of CaAs 

MQW APD qfter accelerated life testing at 200 * C . 
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